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Abstract 
As autonomous vehicles enter public spaces, external human–machine 
interfaces are proposed to support communication with external 
road users. A decade of research has produced hundreds of studies 
and reviews, yet it remains unclear whether the field is converging 
on shared principles or diverging across approaches. We present a 
multi-dimensional analysis of 620 publications, complemented by 
industry deployments and regulatory documents, to track research 
evolution and identify convergence. The analysis reveals several 
field-level patterns. First, convergence on a safety-first core: simple 
visual cues that clarify intent. Second, sustained divergence in ne-
cessity and implementation. Third, a progressive filtering funnel: 
broad exploration in research and concepts narrows in deployment 
and is codified by regulation into a minimal set of permitted signals. 
These insights point to a shift in emphasis for future work, from 
producing new prototypes toward consolidating evidence, clari-
fying points of contention, and developing frameworks that can 
adapt across contexts. 
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1 Introduction 
On March 18, 2018, an autonomous test vehicle struck and killed 
a pedestrian in Tempe, Arizona, the first known fatality of its 
kind [233]. While the causes were technical and procedural [161], 
the incident highlighted the stakes of integrating autonomous ve-
hicles (AVs) into public spaces, where interactions with pedestrians 
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are inevitable. These encounters raise a long-standing challenge 
in Human-Computer Interaction (HCI): designing communication 
between humans and intelligent systems. From collaborative robots 
to ambient displays, effective interfaces must work for people with 
no prior training or shared context. External human–machine inter-
faces (eHMIs) [57, 250] for AVs exemplify this challenge, needing 
to convey intent and state to diverse road users, often under time 
pressure and in environments where misinterpretation can have 
serious consequences. 

Since the mid-2010s, researchers and automotive companies have 
proposed everything from light bars and projected crosswalks to 
text displays and robotic eyes, an assortment referred to as ‘eHMI 
jungles’ [57]. What began as speculative design has grown into 
a vibrant area of automotive UX and mobility research, yet the 
field remains conceptually unsettled. eHMIs increasingly resemble 
a wicked problem, where introducing new communication channels 
can lead to unintended consequences such as over-reliance [101, 
120] or scalability challenges in complex traffic scenarios [36, 211]. 
As de Winter and Dodou [52] observes, the core question of whether 
eHMIs are a necessity or an overcomplication remains open to 
debate, with their review outlining arguments on both sides and 
emphasising the lack of consensus about their role, value, and 
necessity in future AV ecosystems. 

This conceptual ambiguity is compounded by methodological 
inconsistency. As Rouchitsas and Alm [184] note, conclusions about 
eHMI effectiveness often depend on the evaluation method. Virtual 
reality (VR) simulations tend to yield clear, positive results regard-
ing their usefulness, whereas physical prototypes and Wizard-of-
Oz setups produce more varied and sometimes inconclusive find-
ings. Despite this lack of consensus, deployment has already begun. 
Waymo has trialled a rooftop ‘dome’ interface during operations 
in the United States [223, 225, 226], and Mercedes-Benz has re-
ceived approval for turquoise-coloured automated driving marker 
lights [154]. These choices reflect company-level design decisions 
rather than coordinated standardisation efforts. In contrast, most 
publicly documented AV deployments in China appear to operate 
without dedicated eHMIs. 

With more than a decade of research on eHMIs, the literature has 
expanded rapidly, accompanied by numerous synthesis efforts. In 
our own data collection, we identified 55 such papers, yet none di-
rectly address a simple but timely question: Is the eHMI research 
field converging, diverging, or stalling? This question matters 
because research trajectories shape the likelihood of coherent de-
sign recommendations, the feasibility of regulatory alignment, and 
the transferability of findings into industry practice. It is timely 
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because real-world deployments are already underway and regula-
tory bodies are beginning to consider formal guidance. To answer 
this question, we conducted a multi-dimensional analysis of 620 
eHMI studies (2014–2025), combined with a comparison to indus-
try developments (patents, concepts, deployments) and emerging 
regulatory frameworks. 

This paper makes the following contributions: 
(1) A multi-dimensional analysis of 620 eHMI studies mapping 

the field’s evolution across key research dimensions. 
(2) A synthesis of convergence and divergence trends from prior 

reviews and taxonomies. 
(3) A comparison of academic research with industry develop-

ments, and regulatory frameworks. 
(4) An evidence-based assessment of whether eHMI research 

is converging, diverging, or stalling, with implications for 
future research. 

Beyond direct contributions to automotive interfaces, this work 
advances HCI by analysing the evolution of one of its subfields and 
informing related emerging technologies in public, mobility, and 
robotic contexts. 

2 Related Work 
The study of eHMIs has matured to the point where research, indus-
trial development, and early regulatory efforts are influencing one 
another, creating a body of related work that frames our analysis. 

2.1 Prior Syntheses of eHMI Research 
In current road traffic, implicit cues from vehicle kinematics, e.g., 
slowing, stopping, edging forward, remain the primary source of in-
formation for pedestrians [61, 173], and early AV trials using ‘ghost 
driver’ [182] Wizard-of-Oz setups found that these cues largely 
carry over to AV interactions [160]. However, removing a visible 
driver also removes eye contact, gestures, and other social signals 
that support familiarity, acceptance, and trust [173]. eHMIs respond 
by framing AV–pedestrian interaction as an explicit communication 
problem, with transparency of system state and intent as central 
concerns [250]. This framing, together with growing global invest-
ment and interest in AVs since the early 2010s (as reflected in Google 
Trends data1), has driven rapid exploration in both research and 
industry. The first known eHMI patent, Pedestrian Notifications, 
was filed by Google in 2013 [89], marking the start of formalised 
protection of such designs. By 2020, Dey et al. [57] identified 70 
eHMI concepts spanning academic and industrial sources, requiring 
an 18-item taxonomy to structure the space. 

The aim of most eHMI reviews, surveys, and taxonomies has 
been to consolidate a rapidly expanding body of work and identify 
ways to move the field forward. From around 2019–2020, when a 
critical mass of studies had emerged, more reflective contributions 
began to appear. de Winter and Dodou [52] and Rouchitsas and 
Alm [184] surfaced contrasting evidence and arguments in the lit-
erature regarding the added value of eHMIs. In parallel, Kaß et al. 
[122] called for standardised evaluation approaches to address the 
methodological heterogeneity that limits cross-study comparability. 
Across these syntheses, recurring debates emerge over whether 
1https://trends.google.com/trends/explore for the keywords ‘self-driving cars’ and 
‘autonomous vehicles’. 

eHMIs are necessary or redundant, and over parameters of imple-
mentation such as colour and message content. While valuable in 
framing the discussion, these works do not assess whether the field 
is converging, diverging, or stalling, nor do they connect academic 
trajectories with industry deployments or regulatory developments. 

2.2 Industry and Regulation 
In many areas of HCI, industry and academic research develop in 
close relation, often through collaborations that share concepts, 
prototypes, and evaluation findings. eHMI research exemplifies this 
exchange, with overlaps between ideas emerging in academic work 
and those explored in industrial trials, and with multiple studies 
conducted in partnership with automotive companies [25, 57]. At 
the same time, industry efforts must navigate constraints of tech-
nology readiness and manufacturability, robustness, and regulatory 
compliance, while academic work often prioritises exploration of 
novel or speculative concepts. 

Because eHMIs operate in high-stakes, safety-critical public 
traffic environments, their design and deployment are inherently 
subject to extensive regulatory oversight. Regulatory engagement 
with eHMIs remains in its early stages. Bodies such as the United 
Nations Economic Commission for Europe (UNECE), the Interna-
tional Organization for Standardization (ISO), and the U.S. National 
Highway Traffic Safety Administration (NHTSA) have begun dis-
cussing external signalling for automated vehicles, but binding 
regulations or standards are rare. Existing discussions often focus 
on avoiding conflicts with established traffic signals, ensuring visi-
bility across contexts, and minimising the risk of misinterpretation 
(e.g., [107, 108, 112, 214]). 

Despite the interconnected roles of academia, industry, and pol-
icy in shaping viable designs, systematic comparisons across these 
trajectories are lacking. This paper addresses that gap by examin-
ing how research activity aligns with industrial developments and 
emerging regulatory frameworks. 

2.3 Field-Level Assessment in HCI 
Across the broader science-of-science literature, meta-research has 
increasingly examined how fields evolve. Techniques such as co-
citation analysis [232], topic modelling [87], and longitudinal bib-
liometrics [69] have been used to reveal the structural dynamics of 
research domains. Convergence is often reflected in the repeated 
use of certain methods, a shared vocabulary, or consensus frame-
works. 

Applying this perspective to eHMI research makes it possible to 
move beyond cataloguing individual studies toward assessing their 
structural trajectory. Bibliometric reviews of eHMIs include Ma and 
Zhang [150], who identified keyword-based clusters from 679 Web 
of Science (WoS) papers, and Man et al. [151], who reviewed 234 
WoS-indexed papers on pedestrian interaction with eHMI-equipped 
AVs. These works synthesise research hotspots and influencing 
factors, but do not address the question posed by our study. Unlike 
bibliometric reviews, our approach combines expert-coded, multi-
dimensional analysis of full texts with cross-comparison to industry 
and regulatory trajectories, enabling a qualitative assessment of 
whether the field is converging, diverging, or stalling. 

https://trends.google.com/trends/explore
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3 Methods 
3.1 Research Questions 
Our research is guided by the following research questions (RQs): 

• RQ1: How has eHMI research evolved over time, and what 
patterns can be observed in its development? 

• RQ2: To what extent do the findings and recommendations 
in eHMI research reflect consensus or fragmentation? 

• RQ3: How do these findings align with real-world deploy-
ments and emerging regulations? 

To address these questions, we adopted an approach comprising 
two components. We began with a structured literature review of 
eHMI studies, analysed through multi-dimensional coding. We also 
examined industry and regulatory sources to compare academic 
research with real-world practices. 

3.2 Scholarly Sources 
3.2.1 Databases. To ensure broad and cross-disciplinary coverage, 
we searched four complementary sources: Scopus for structured 
journal and conference indexing, IEEE Xplore for engineering and 
autonomous systems research, ACM Digital Library for HCI and 
design-focused research, and Google Scholar to capture grey litera-
ture and fill gaps through flexible keyword search. 

3.2.2 Keywords. To capture eHMI research, we developed a key-
word query spanning three categories: 

• Autonomy: autonomous, automated, self-driving, driverless 
• Vehicle/System: car, vehicle 
• Interface and Communication: eHMI, external communi-
cation, external human–machine interface, external display 

3.2.3 Inclusion and Exclusion Criteria. To ensure a comprehensive 
dataset, inclusion criteria were applied loosely in terms of content. 
Papers were included if they engaged with eHMIs in any form 
whether as a central focus or as part of a broader discussion on 
autonomous mobility systems. Specifically, a paper had to: 

• Address communication between an autonomous mobility 
system and an external party (e.g., pedestrian, cyclist, manual 
driver), either as a central or peripheral focus. 

• Describe, evaluate, or conceptually discuss eHMIs or related 
external communication mechanisms. 

• Be published in English and accessible in full text. 
• Be a peer-reviewed publication or equivalent. 

Papers were excluded if they met any of the following criteria: 
• Dealt exclusively with internal HMIs (e.g., in-vehicle dis-
plays or driver interfaces) without any mention of external 
communication. 

• Described autonomous systems but made no reference to 
external interfaces, signalling, or communication. 

• Were unrelated to the topic (e.g., keyword overlap without 
substantive connection to eHMI). 

• Were non-peer-reviewed or informal in format (e.g., theses, 
preprints, or presentation decks). 

3.2.4 Search and Screening Results. We conducted database searches 
on 9 July 2025. While the core keyword strategy remained con-
sistent, the exact query syntax and search scope (e.g., full-text 

metadata in IEEE Xplore, title–abstract–keyword in Scopus) were 
adapted to suit each platform. Filters such as content type were 
applied where relevant to improve result quality, and no date re-
strictions were imposed to ensure comprehensive coverage (see 
Table 3). The results included a total of 2,400 documents: 411 from 
Scopus, 290 from ACM Digital Library, 780 from IEEE Xplore, and 
919 from Google Scholar. After merging results from all databases, 
we removed duplicates using Google Sheets’ Remove Duplicates 
function based on the title and URL columns, resulting in 1,961 
unique records. 

In the title and abstract screening, we excluded 1,321 records. 
In the full-text screening, we excluded an additional 128 records. 
Across both stages, exclusions were made for the following reasons: 
papers not about AV communication or interfaces (1003; 2); non-
English publications (169; 6); duplicates (116; 6); non-peer-reviewed 
or informal formats (6; 79); papers not eHMI-related (11; 23); and in-
accessible sources (16; 12). This resulted in 512 documents included 
for final analysis. 

Among the 512 papers included for analysis, we identified 55 
review and taxonomy papers, 26 of which contain a large number 
of eHMI references due to their review focus. These served as 
secondary sources for backward snowballing [236], allowing us to 
capture additional relevant studies that may not have been indexed 
or surfaced through keyword search alone. Reference lists were 
scanned in two rounds (title/abstract and full-text) to identify an 
additional 108 research papers aligned with our inclusion criteria. 

To ensure screening completeness and transparency, the first au-
thor screened all records twice (18 August and 11 November 2025). 
Although the criteria remained consistent across both rounds, the 
second pass enabled a more exhaustive application of the criteria 
and captured papers missed in the initial round. During rescreen-
ing, we also clarified exclusion labels to improve consistency in 
decision recording. A second author independently cross-validated 
10% of randomly selected records to ensure accuracy in screening 
decisions. We deliberately applied generous relevance criteria at 
the screening stage, retaining any paper that engaged with AVs and 
human-facing communication or interaction in a broad sense. This 
approach allowed us to avoid prematurely excluding borderline 
cases, which were later distinguished analytically as peripheral 
eHMIs. 

3.2.5 Data Charting. 
Metadata: They were primarily retrieved through DOI queries to 

Scopus, with records not indexed in Scopus updated manually. The 
following fields were collected for each paper: document type, DOI, 
year, title, abstract, author, author affiliations, and author keywords. 
In addition, we developed Python scripts to extract information 
from author affiliations. Country information was derived from the 
first author’s affiliation, while all listed affiliations were used to 
capture the full set of contributing countries. Industry collaboration 
was identified by detecting automotive companies in the affiliations. 

Custom Data Fields: The first and second authors identified and 
discussed additional data fields relevant to the research questions. 
Coding was iterative and bottom-up, informed by prior taxonomies 
(i.e., [57]) but adapted to accommodate the diversity of concepts in 
the dataset. Two groups of fields were charted. The first captures the 
types of road users and vehicles, providing an overview of the actors 
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Figure 1: PRISMA flow diagram showing the identification, screening, and inclusion process for eHMI studies. The final dataset 
comprised 512 articles from database searches and 108 additional articles identified through backward snowballing (total = 620). 

and systems represented in the literature. The second comprises a 
set of high-level orientations—Design Inquiry, Situated Investigation, 
and Field Consolidation—used to characterise the topical focus of 
research on external communication. Each orientation contains a 
set of dimensions and sub-dimensions that define specific aspects 
of external communication examined in prior work. 

Coding for all papers was conducted manually by the first author. 
A coding protocol with clear operational definitions was established 
to support consistency and reduce ambiguity in interpretation. 
Petal2 , a document-analysis platform, was used in parallel as a 
checking aid to help identify possible omissions or mistakes in 
the manual coding process. Its outputs were compared against the 
original PDFs and served only to flag items for review; all final 
codes were based solely on the manual assessment. As all reviewed 
papers were publicly accessible, this use of Petal aligns with EU AI 
Act [82] provisions on lawful data use. During the coding process, 
ambiguous cases were discussed with other authors. 

For methodological transparency, the detailed Petal prompts 
used are provided in Table 5. A detailed workflow diagram sum-
marising dataset construction, data charting procedures, tools used, 
verification steps, and links to open-science materials is provided 
in Appendix A. 

2https://www.petal.org/ 

3.3 Industry and Regulatory Sources 
To complement the academic literature, we included industry and 
regulatory sources to assess the extent to which eHMI research find-
ings are reflected in real-world deployments and standardisation 
efforts. 

3.3.1 Industry Concepts and Deployments. We began with the tax-
onomy paper by Dey et al. [57], which contains the largest collection 
of industry eHMI concepts to date. Covering work up to 2020, it 
provided a baseline for identifying early conceptual directions. We 
extended this baseline through a manual search using a curated 
list of 47 companies (see Table 4), spanning major vehicle OEMs 
and AV service operators (e.g., Waymo, Cruise), delivery robot and 
sidewalk AV companies (e.g., Nuro, Starship), automotive OEMs 
with AV/eHMI concept work (e.g., Volvo, Nissan), and tech com-
panies with AV platforms (e.g., Apple, Google, NVIDIA). For each 
company, we conducted targeted keyword searches (e.g., ‘external 
display’, ‘pedestrian interaction’, ‘vehicle yield signal’) across offi-
cial domains and publicly available media sources. In recording the 
data, we differentiated between patents, conceptual designs, and 
those that had progressed to real-world deployment or testing. 

3.3.2 Regulatory and Standards Documents. We identified regu-
lations and standards within our scholarly dataset by searching 

https://www.petal.org/
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with the keywords ‘standards’ and ‘regulations’. Relevant frame-
works were then extracted from sources including UNECE, ISO, 
and various national transport authorities. 

3.4 Data Analysis 
3.4.1 Evolution of eHMI Research. For RQ1, we analysed all pub-
lication types within the core dataset (n = 563, see Section 4.1.4) 
using the developed coding scheme. 

3.4.2 Consensus vs. Fragmentation. For RQ2, we conducted a meta-
synthesis [117, 207] of review papers identified in our dataset. A 
meta-synthesis was appropriate because it enables comparison 
across diverse secondary sources to surface recurring themes of 
consensus as well as points of divergence that remain unsettled. 
This approach builds upon existing synthesis efforts by integrating 
them into a higher-level comparative analysis. 

We initially considered a meta-analysis but realised it was not 
feasible due to substantial heterogeneity: measures with the same 
label were often operationalised differently across studies, exper-
imental contexts ranged from VR simulations to on-road trials, 
and reporting practices varied considerably (e.g., omission of effect 
sizes or reliance on qualitative findings). Such variation precludes 
meaningful aggregation of effect sizes without introducing bias. 

3.4.3 Alignment with Industry and Regulation. For RQ3, we first 
examined developments in industry deployments and regulatory 
documents to trace how eHMI concepts have progressed in practice 
and policy. We then compared these trajectories with scholarly 
findings. 

4 Results 
4.1 Dataset Overview 
This section provides a descriptive overview of the publications in 
our dataset to contextualise the subsequent analyses. 

4.1.1 Publication Volume. Indicated by Figure 2, the annual distri-
bution indicates that eHMI research was negligible prior to 2017, 
followed by sharp growth beginning in 2018 and sustained high 
output between 2019 and 2024, with annual counts consistently 
around 90–100 papers. The 2025 figure (n = 50) reflects partial-year 
data rather than a decline, suggesting that the field remains in a 
phase of sustained activity. This trajectory closely mirrors previous 
bibliometric analyses [150, 151], which also identify 2017–2018 as 
the inflection point for rapid growth in eHMI research and show 
similarly stable levels of publication thereafter. 

4.1.2 Publication Formats. The dataset is primarily composed of 
conference-associated outputs: full papers (n = 285), extended ab-
stracts (n = 42), and workshop papers (n = 11), which together 
represent over half of all publications. Journal articles (n = 254) 
constitute the main alternative outlet, while other formats such as 
technical reports and book chapters are comparatively rare. 

4.1.3 Countries and Industry Collaborations. Based on the first 
author’s affiliation, publications in the core dataset represent con-
tributions from 35 countries (see Figure 3). Germany leads with 
173 papers, followed by the United States (82), the Netherlands (64), 
China (44), Japan (43), and the United Kingdom (40). Other countries 
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Figure 2: Annual distribution of 620 eHMI publications from 
2014–2025. 
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Figure 3: Top 10 countries by first-author affiliation in the 
eHMI dataset. 

with notable contributions include Australia (30), Sweden (22), and 
South Korea (21). The remaining countries each account for fewer 
than 20 publications, indicating a highly centralised concentration 
of research activity in a small number of nations. 

Industry affiliations in the dataset highlight the influence of ma-
jor automotive and technology companies across several regions. 
In Germany, 26 papers are linked to companies such as Volkswa-
gen, Porsche, Mercedes-Benz, BMW, Continental, and Bosch. The 
United States contributes 13 papers through affiliations with firms 
including General Motors, Toyota, Nissan, Bosch, and Volkswagen. 
The United Kingdom is represented in seven papers with links to 
Nissan, Jaguar Land Rover, Fiat, BMW, and Ibex Automation. South 
Korea (six papers) is associated with Hyundai and Samsung, while 
Japan (three papers) is linked to Toyota, Honda, and Mitsubishi. 
China (two papers) includes contributions from SAIC Motor and 
Changan. Additional links include Nissan-affiliated papers in Den-
mark and the Netherlands, and a General Motors-affiliated paper in 
Israel. One technical report from SAE includes authors from Ford, 
Amazon, and Westat. These connections suggest that industry col-
laborations are concentrated among a small set of multinational 
automotive manufacturers with global R&D footprints. 

4.1.4 Focus. The papers were categorised into: 
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Figure 4: Distribution of road-user and vehicle-type categories in the reviewed studies. Counts exceed the number of studies 
because a single paper may include multiple mentions. 

• Core eHMI papers (n = 563): studies that explicitly addressed 
eHMI as a primary focus. 

• Peripheral eHMI papers (n = 57): publications in adjacent 
domains where eHMIs were discussed tangentially. 

These 57 papers reference eHMIs within broader contexts. Their 
contributions range from brief acknowledgements of eHMIs as one 
component in a larger system, to discussions of their role alongside 
other interfaces or technologies. Most commonly, these papers 
offered a brief mention in broader AV or interaction contexts, where 
eHMIs were noted as one of many design, safety, or communication 
considerations in automated mobility systems (e.g., [29, 54, 80, 104, 
138]). A smaller subset featured eHMIs alongside topics such as 
trust calibration, simulator sickness, and perceived comfort (e.g., 
[83, 193]). 

4.2 Evolution of eHMI Research (RQ1) 
Road Users. The literature clusters around a clear core user group. 

Pedestrians are by far the most frequently studied group (n = 424), 
highlighting their centrality in AV–human interaction research. 
Drivers (n =73) and cyclists (n = 51) follow as the next largest cate-
gories. Broader generic categories (n = 152) such as Vulnerable Road 
Users, Human Road Users, External Road Users, and Other Road 
Users also appear in the literature, indicating that many studies 
adopt an umbrella framing rather than focusing on specific actors. 
A small number of studies examine specific interaction roles, such 
as hailing customers or passengers (n = 5). These cases foreground 
service-oriented communication demands that differ from typical 
pedestrian–AV encounters. 

Occupation- or context-specific actors also appear, though in far 
smaller numbers. These include construction-site workers and first 
responders, where AV interaction is shaped by specialised tasks and 
constrained, high-risk settings (n = 3). Their inclusion highlights 

how eHMI research is beginning to account for specific communica-
tive needs, where signalling is not only about negotiating right-of-
way but also about ensuring worker safety, coordinating emergency 
responses, or supporting road management tasks. A further subset 
focuses on non-road environments such as waterways, involving 
kayakers and nearby ships (n = 2). These cases sit at the periphery 
of the AV–human interaction literature but signal emerging interest 
in extending AV communication challenges beyond conventional 
road spaces. 

Vehicle Types. Passenger transport vehicles dominate the litera-
ture (n = 481), confirming that eHMI research remains anchored 
in passenger-centric scenarios such as cars, shuttles, and buses. 
Within this group, passenger cars remain the primary platform 
studied (n = 407). A second cluster adopts broad labels such as 
‘autonomous/automated vehicles’ (n = 72), indicating work that ab-
stracts away from platform-specific constraints. Freight and goods-
movement vehicles form a smaller but distinct category (n = 28), 
covering trucks, vans, delivery robots and vehicles, and cargo bikes. 
Specialised mobility platforms appear infrequently (n = 5), generally 
involving mobile robots in constrained environments. Non-road 
environments are almost absent (n = 2), with isolated cases such as 
passenger ferries. 

Having established the range of road users and vehicle types 
represented in the dataset, we next examine the topical focus 
of research on external communication. The three orienta-
tions introduced in the Method section guide this analysis. Figure 5 
provides an overview heatmap of these orientations and their as-
sociated dimensions. Figure 6 expands this view by detailing the 
underlying sub-dimensions, together with their development over 
time. 

4.2.1 Design Inquiry. 
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Figure 5: Heatmap overview of the high-level dimensions used to characterise AV external communication research. The 
framework distinguishes three orientations: Design Inquiry, Situated Investigation, and Field Consolidation. Values range 
from 11 (smallest) to 506 (largest). 

Understand. A body of work examines how road users currently 
communicate and allocate attention in everyday traffic. Observa-
tional studies, video analysis, and digital ethnography capture com-
munication practices such as gestures [213], interaction patterns [4], 
and the role of implicit motion cues relative to explicit signals [135]. 
Eye-tracking studies [51, 62] complement this work by examining 
visual attention and perceptual priorities, providing insight into 
which cues road users notice or ignore. Other studies focus on 
early AV deployments or Wizard-of-Oz field studies, examining 
how interaction practices shift around driverless vehicles operating 
in public spaces, including emergent behaviours such as honking 
directed at AVs [169] and griefing of AVs [158]. 

A subset of studies relies on qualitative elicitation methods, in-
cluding interviews, focus groups [7], expert surveys [9], work-
shops [38], and travel-along studies [219]. These methods are pri-
marily used to surface user needs, expectations, concerns, and inter-
pretive strategies. This line of research extends beyond pedestrians 
to include cyclists, drivers, e-scooter riders, older adults, people 
with disabilities, and first responders [22, 93, 134]. Several studies 
compare perspectives across these groups [93] or focus on context-
specific stakeholders such as construction-site drivers [38] or public 
transport users [178]. 

Explore. Studies in this strand commonly employ design-led and 
generative methods, including co-design workshops [12, 13], draw-
ing sessions [7], creative workshops [178], scenario-based design 
activities [132], and expert panels [204]. These studies treat partic-
ipants as contributors to design thinking, using design interven-
tions to open up the design space and surface preferences, values, 
and concerns around how eHMI concepts might be approached. 
Outcomes are typically framed as design implications, conceptual 

frameworks, mapped design spaces, or low- to mid-fidelity design 
concepts, supporting ideation and informing subsequent research. 

A notable subset of Exploration work explicitly targets acces-
sibility and inclusion, examining communication needs for spe-
cific groups such as wheelchair users [13] or exploring alternative 
modalities beyond vision [12]. Other studies probe novel or uncon-
ventional roles for eHMIs, including emotional expression [67] and 
help-seeking behaviours [243], extending the design space beyond 
signalling intent alone. 

4.2.2 Situated Investigation. 

Design Concepts. Light is the dominant concept by a wide mar-
gin (n = 163), encompassing light bands or strips, vehicle contour 
illumination, frontal brake lights, headlights, marker lamps, and 
other light patterns. It accounts for the highest number of instances 
and appears across the widest range of studies, indicating its role 
as the de facto baseline for eHMI design. Display forms a strong 
secondary cluster (n = 153). It is the most substantial visual alter-
native to light-based signalling and reflects continued interest in 
richer, information-dense interfaces. 

Anthropomorphic (n = 47) and Projection (n = 37) occupy a mid-
tier. Anthropomorphic concepts most commonly involve animated 
eyes or emotional expression, while projection is used mainly for 
path-related or zebra-crossing cues. Sound (n = 44) covers electron-
ically generated auditory cues, either as standalone auditory HMIs 
or as redundancy accompanying a visual channel. Wearable (n = 27) 
and Infrastructure-integrated designs (n = 15) remain peripheral rel-
ative to vehicle-mounted concepts. System-level concepts (n = 13) 
position eHMI within the broader vehicle HMI ecosystem (e.g. en-
compassing both internal and external interfaces or networked 
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Theme Description 14 15 16 17 18 19 20 21 22 23 24 25 Count 

Design Inquiry 

Design Concepts 

Design Aspects 

Vehicle Aspects 

Contexts 

Demographics Focus 

Temporary Behaviour and State Factors 

Field Consolidation 

Explore 29 

Understand 26 

Light 163 

Display 153 

Anthropomorphic 47 

Sound 44 

Projection 37 

Wearable 27 

Infrastructure 15 

System 13 

ShapeMotion 7 

Message 89 

Implicit 88 

Visual 62 

Modality 50 

Light 25 

Colour 16 

Position 15 

Edge Cases 14 

Exposure 13 

Targetability 13 

Temporal 12 

Locus 6 

Interaction 6 

Legibility 6 

Automation 28 

Type 16 

Human Visibility 11 

Appearances 9 

Infrastructure 48 

Scalability 43 

Scenario 23 

Visibility 13 

Complexity 12 

Deployment 10 

Age 30 

Gender 16 

Ability 11 

Culture 10 

Distraction 4 

Condition 4 

Psychological 3 

Method 67 

Synthesis/Perspective 66 

Using co-design, participatory, or speculative methods to probe design options 3 2 4 4 3 5 7 1 

Everyday communication practices and elicitation of user requirements 2 2 2 3 2 5 2 3 5 

Light concepts such as bands, contours, brake lights, and body illumination 1 1 8 14 16 25 27 31 25 15 

Screen-based or panel-based visual interfaces integrated into the vehicle surface 2 5 17 18 30 23 23 16 19 

Human-like features such as eyes, faces, agents, or social cues 1 1 3 6 1 9 5 11 4 6 

Auditory cues used to convey AV communication 1 2 4 8 7 6 5 6 5 

Projected paths or symbols displayed on the road surface 3 6 3 3 6 6 5 5 

AR-based interfaces and other pedestrian-worn devices (e.g., phones, clothing) 1 2 2 5 4 3 4 4 2 

Roadside communication devices such as smart poles and curbstone displays 1 2 1 1 2 3 3 2 

Holistic HMI approaches including interconnected and system-wide designs 1 1 2 3 4 2 

Shape-changing or motion-based signals such as arms or fluid movement 1 2 1 1 2 

Content conveyed, including intent, warnings, identification, and state 2 6 7 13 16 17 11 12 5 

Vehicle motion cues such as kinematics, braking, and position 3 5 14 8 9 13 18 11 7 

Use of text, icons, pictograms, projections, and display styles (static, dynamic) 1 2 6 10 9 11 10 6 7 

Communication channels such as audio or multimodal signals 1 1 2 4 9 7 7 6 6 7 

Light-based signals including animations, patterns, and yielding indicators 1 1 3 3 6 4 4 3 

Use of colour in eHMI signals for meaning and differentiation 3 2 4 2 1 3 1 

Where on the vehicle the eHMI is displayed 3 1 2 1 1 3 4 

Malfunctions, misleading signals, negative effects, failures, and overtrust issues 2 1 2 3 1 3 2 

Familiarity, novelty, and prevalence of eHMIs 3 1 4 1 3 1 

Ability of an eHMI to address specific road users 2 1 3 2 1 3 1 

Timing of signals, displays, and encounters indicating vehicle intent 1 2 1 3 1 2 2 

Entity hosting the eHMI, such as the vehicle, road infrastructure, or devices 1 1 1 3 

Gestures and explicit requests used for communication with the vehicle 1 1 2 1 1 

Extent to which eHMI legibility depends on viewing distance and interface scale 2 1 1 2 

Distinct automation state (manual vs. automated) 2 2 7 6 2 4 3 2 

Vehicle classification and size (e.g., car, truck, bus) 1 2 2 2 3 5 1 

Visibility of the driver (e.g., blinded window) and their state (e.g., distraction) 1 1 1 1 1 4 1 1 

General style, exterior design, and visible sensors of the vehicle 2 1 1 2 1 2 

Contexts such as shared spaces, pedestrian zones, parking areas 1 3 6 5 10 5 7 8 3 

Interactions involving multiple pedestrians or multiple vehicles 2 1 6 8 9 11 6 

Manoeuvre or encounter type (e.g., lane change, pickup/drop-off, bottlenecks) 2 4 4 1 3 4 5 

Conditions affecting what can be seen, such as lighting, blind spots 3 1 1 2 3 3 

Traffic situations with ambiguity, hazards, or other challenging conditions 1 2 4 3 2 

Real-world AV deployment or on-road testing 1 3 2 2 1 1 

Children, elderly, or age-defined groups 3 2 3 4 2 5 4 5 2 

Studies focusing on gender differences 1 1 1 1 1 1 3 3 1 3 

Mobility, sensory, or cognitive differences (e.g., wheelchair users) 1 3 3 3 1 

Culture-specific or cross-cultural groups 1 1 3 1 2 1 1 

Divided attention due to smartphones, secondary tasks, or careless behaviour 1 1 2 

Situational constraints such as limited visibility or following instructions 1 1 1 1 

Mental states influencing behaviour, such as trust in AVs or time pressure 1 1 1 

Methodological contributions, including analytic approaches and simulation setups 2 5 8 13 9 3 12 11 4 

Conceptual work that organises ideas without generating new empirical data 2 2 5 9 9 7 8 13 9 2 

Figure 6: Heatmap illustrating the topical evolution of eHMI research (2014–2025). Each row represents a theme or sub-theme 
with intensity indicating the distribution of publications over time. 
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vehicles) and within wider user-experience contexts such as ride-
sharing. ShapeMotion is the least represented category (n = 7), using 
mechanical arms, gestures, or physical transformations. Overall, 
design concepts have broadened over time, but the field continues 
to be anchored by light- and display-based approaches. Illustrative 
examples of each design concept are shown in Figure 7. 

Design Aspects. Design aspects are the smallest units of eHMI 
communication. Attention at this granular level is foundational for 
explaining how eHMIs function, for accumulating shared knowl-
edge about effective communication strategies, and for informing fu-
ture standardisation efforts. Among them, studies of Message (com-
munication purpose) form the single largest body of work (n = 89). 
This work examines a range of message-level considerations, includ-
ing which information to communicate [76, 152], communication 
style (e.g. advisory, informative, polite, or dominant) [228], per-
spective (e.g. egocentric or allocentric) [71], and whether messages 
convey intent, perception, or a combination of both [146]. Messages 
are frequently tailored to different road users, vehicle platforms, 
and contexts. For pedestrians, designs have ranged from situational 
awareness cues and intent displays to emotional expressions and 
passenger pick-up–related information, tested across passenger 
cars, shuttles, buses, delivery robots, and micro-mobility platforms. 
Cyclist-focused studies have explored awareness messages and 
HUD-style warnings, while driver-directed work has examined 
intervene status, minimum-risk manoeuvres, and scenario-based 
decisions. 

Implicit cues conveyed through vehicle kinematics and braking 
(n = 88) form the second largest body of work. This area is particu-
larly significant given ongoing arguments that implicit motion cues 
may be more reliable or preferable than explicit eHMIs. Studies in 
this cluster examine implicit cues in isolation [2, 160], as well as sit-
uations in which they align with or conflict with eHMI signals [129], 
providing insight into how pedestrians interpret combined or com-
peting sources of information. In comparison, research on Visual 
aspects (n = 62) and Modality (n = 50) is moderately represented. 
Modality-focused studies primarily investigate sound-based cues, 
with a smaller number exploring haptic feedback, such as vibra-
tions delivered through watches or pedestrians’ mobile phones [6]. 
Light-based signalling patterns (n = 25) constitute a more focused 
subset, examining variations in animation and rhythm. 

Other granular design aspects, including Colour, Position on the 
vehicle, Timing, and Targetability (i.e., communication directed at 
specific road users), appear less frequently but contribute important 
nuance to message interpretation. Similarly, Locus, Interaction, and 
Legibility remain relatively small but meaningful lines of inquiry. 
Notably, a subset of studies explicitly investigates Edge Cases, such 
as communication failures or conflicts [149], as well as the effects 
of repeated exposure to eHMIs over time [35, 75]. 

Vehicle Aspects. Vehicle aspects form a comparatively small body 
of work. Most studies examine Automation distinctions (n = 28), 
typically comparing manual and autonomous operation to assess 
effects on pedestrian behaviour and trust. Type (n = 16) explores 
vehicle classification and size, testing how cars, trucks, buses, or 
smaller platforms shape user judgements. Human Visibility (n = 11) 
investigates whether the presence, absence, or obscuring of a driver 

influences interpretation. Appearances (n = 9) focuses on exte-
rior styling, visible sensors, and perceived ‘friendly’ or ‘aggressive’ 
characteristics. Several studies combining multiple vehicle-related 
factors within the same design to capture interaction effects. 

Contexts. Infrastructure and Scalability dominate contextual in-
vestigations (n = 48 and 43 studies respectively). This concentra-
tion shows that eHMI research is primarily concerned with how 
spatial layouts and traffic density shape communication demands. 
Scenario-focused work (n = 23) forms a clear secondary cluster, 
indicating interest in manoeuvre-specific interactions (bottlenecks, 
turning manoeuvres, and pickup or drop-off events) but far less 
systematic attention. Complexity (n = 12) addressed ambiguous or 
high-risk encounters, while visibility (n = 13) focused on low-light, 
blind spot, and approach-angle conditions. They both appear infre-
quently, suggesting that challenging or degraded conditions remain 
underexplored despite their relevance to safety-critical design. Cur-
rent Deployment (n = 10) reflects studies situated in environments 
where AVs are already operating. 

Temporary Behaviour and State Factors. These were the least 
represented, with 11 studies. Psychological states included specific 
attitudes towards AVs [3], being under time pressure [35], and re-
sponding to varying crossing opportunities categorised as safe, 
risky, or unsafe [96]. Distraction-related conditions were common, 
with studies introducing smartphone use [100, 128], secondary tasks 
[247], less careful crossing behaviour [131], or general carelessness 
[49] to assess their influence on pedestrian responses. Other work 
tested situational conditions such as limited visibility [139], re-
ceiving instructions [141, 142], or being primed with particular 
descriptions of AVs before interaction [91]. 

Demographics Focus. Demographic focus spanned ability, age, 
culture, and gender. Ability-related research investigated hearing-
enhanced pedestrians, people with disabilities, and subgroups such 
as wheelchair users, vision-impaired pedestrians, and those with 
reduced mobility (e.g., [12, 14, 40]). Age-focused studies examined 
differences across children, adults, and elderly participants, with 
some targeting specific age groups such as children [26] or elderly 
[94]. Cultural context was addressed in cross-country or intercul-
tural comparisons to explore variations in eHMI preferences or 
interpretations (e.g., [227, 231]). Gender appeared in the analysis 
of multiple studies, with one explicitly centring its investigation 
on gender differences [33]. 

4.2.3 Field Consolidation. 

Synthesising and Perspective Contributions. Synthesising works 
take diverse forms, including frameworks and conceptual mod-
els [21, 72, 183], state-of-the-art reviews and taxonomies [57, 148, 
211], and theory-oriented papers linking eHMI research to broader 
domains such as communication, robotics, and traffic engineer-
ing [65]. Other works comprise conference workshops [19, 56, 66, 
67, 144, 145, 159, 189], which provide spaces for collective reflection 
and discussion among researchers. 

Perspective papers include vision pieces and position papers 
presenting expert views [95, 156, 180, 191, 203]. Unlike syntheses, 
these works do not primarily consolidate evidence but instead ar-
ticulate conceptual outlooks, challenge assumptions, and connect 
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Figure 7: Illustrative examples of the nine design concept categories identified in the dataset. Each image represents one concept 
type corresponding to the coding scheme used in the review: Light [197], Display [46], Anthropomorphic [168], Projection [246], 
Wearable [204], Infrastructure [102], System [209], Sound [5], ShapeMotion [60]. 

eHMI debates to broader system-level concerns. For instance, one 
contribution gathered perspectives from sixteen human factors 
researchers on AVs and the use of AR for addressing eHMI scalabil-
ity issues [203], illustrating how perspective papers surface expert 
opinion and diverse viewpoints. 

Methodological Contributions. A total of 67 papers focused on 
methodological development in the study of eHMIs. These con-
tributions can be grouped into several themes. First, many works 
introduce new simulation and testbed environments, including VR 
frameworks for pedestrian and cyclist interactions [30, 50, 121, 126, 
133, 136, 172, 240], mixed-reality setups [81], digital twins [195], 
Wizard of Oz vehicles [24, 64, 159, 182], coupled and multi-vehicle 
simulators [20, 79], and microsimulation models [165, 166]. 

Second, several papers propose standardised protocols, including 
test procedures [122, 237], frameworks for disentangling efficiency 
and effectiveness [183], and reviews of evaluation practices [248]. 
Third, some contributions develop new measurement approaches, 
such as physiological indicators [90, 116, 222], behavioural mea-
sures like onset time and role-switching [8, 77, 86], and perceptual 
measures including eye-tracking and alternatives [84, 148]. Finally, 
a number of works focus on design and prototyping methods, from 
context-based prototyping [68, 97] and tangible toolkits [98] to 
optimisation techniques [37] and low-code integration of machine 
learning models [235]. 

4.3 Consensus vs. Fragmentation in Findings 
(RQ2) 

55 were review or taxonomy papers (see Table 1). These secondary 
sources cover a wide range of topics, but several trends can be 
observed. Bibliometric and systematic reviews provide high-level 
mapping of publication growth and topic clusters. Over nearly 
a decade, research has consistently centred on safety, trust, and 
effective communication as key dimensions of pedestrian–AV in-
teraction [150]. Pedestrian crossing behaviour and evaluations of 
eHMIs are influenced by: human factors (e.g., age, nationality), ve-
hicle factors (e.g., type, colour, position), and environmental factors 

(e.g., signalisation, distractions) [151]. Designs should therefore be 
context-sensitive and inclusive. 

A substantial number of reviews concentrate on evaluation meth-
ods, particularly VR simulation, usability testing, physiological mea-
sures, and eye-tracking, representing attempts to improve and refine 
how eHMIs are assessed. Another set of reviews focuses on specific 
user groups and contexts, such as VRUs, people with disabilities, 
and interactions in shared spaces. A further theme proposes design 
guidelines and taxonomies, aiming to structure the design space 
and support standardisation. Finally, integrative reviews discuss 
broader themes such as the social role of AVs, emotional communi-
cation, scalability, and user acceptance. 

The review and taxonomy papers show that secondary synthe-
sis efforts are numerous but typically narrow in scope, with each 
focusing on a particular method, user group, or design perspective. 
They also indicate which topics in eHMI research have accumulated 
sufficient density to justify a dedicated review, providing a proxy 
for areas that the community has considered especially important. 
While these review and taxonomy papers vary in focus, they also 
surface areas of agreement, disagreement, and forward-looking rec-
ommendations. Synthesising across them, three key patterns can be 
identified: (i) themes where the literature shows broad consensus, 
(ii) areas marked by fragmentation and debate, and (iii) suggested 
directions for future research and practice. We report these below. 

4.3.1 Consensus. 
Necessity of Interaction (Baseline Agreement). There is 

broad agreement that some form of interaction between pedestri-
ans and AVs is indispensable [173]. Studies consistently show that 
vehicles equipped with communication interfaces lead to more ef-
fective, efficient, safer, and more satisfactory interactions compared 
to vehicles without them [184]. At a minimum, communication 
should provide a replacement mechanism for eye contact, ensuring 
pedestrians feel acknowledged and reducing uncertainty especially 
in situations where ambiguity is not resolved by vehicle kinematics 
alone [173]. Implicit communication remains highly effective, but 
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Table 1: Review and taxonomy papers on eHMIs, grouped by synthesis focus. 

Synthesis Focus Typical Contributions Representative Papers 

Bibliometric / Systematic Map publication growth, research topics, and 
citation patterns 

[150] 679 articles, Web of Science 
[151] 234 articles, Web of Science 

General / Integrative Reviews Provide integrative overviews of AV–road 
user interaction, including issues of necessity, 
scalability, social roles, and user acceptance 

[23] AVs as Social Agents 
[173] Factors Influencing Interactions 
[184] Empirical Work 
[221] Emotional Expressions 
[211] Scalability Issues 
[43] Scalability Issues 
[238] User Acceptance 
[53] Pedestrian Receptivity 
[52] For and Against Arguments 
[74] Challenges and Recommendations 
[25] Challenges and Opportunities 
[119] Challenges and Opportunities 

Evaluation Methods Synthesise evaluation approaches (VR, 
usability, physiological, eye-tracking) and 
identify methodological biases 

[248] Usability Evaluation Practice 
[210] VR Simulation 
[130] VR Simulation 
[42] VR Simulation 
[222] Physiological Measurements 
[137] Eye-tracking Studies 
[199] Standards and Evaluation Criteria 
[118] Standards Gaps 

User Groups and Contexts Review studies on specific road users (e.g., 
people with disabilities, older adults, VRUs) 
and interaction contexts (e.g., shared spaces) 

[72] People with Disabilities 
[41] People with Impairments 
[78] Highly Automated Trucks 
[171] Shared Spaces 
[28] Shared Spaces 

Guidelines / Taxonomies Propose design principles, classification 
schemes, and taxonomies for eHMIs 

[192] Design Considerations 
[31] Guidelines for Deployment 
[85] All Road Users Perspective 
[234] Principles for eHMIs 
[55] Shape-Changing Interfaces 
[57] Taxonomy of eHMIs 
[99] Taxonomy of VRUs 
[39] Design Space for eHMIs 

Peripheral Reviews Survey broader AV/AR/HCI domains where 
eHMIs are discussed tangentially (e.g., 
intelligent vehicles, AR applications, trust, 
accessibility) 

[104] Key Challenges in Intelligent Vehicles 
[190] Adoption of AVs and Risk Perception 
[175] AR for Automated Driving 
[54] Challenging Scenarios with VRUs 
[177] VR for Automated Driving 
[176] AR for Future Mobility 
[201] AR on the Move (VRUs) 
[244] AV Interaction Design 
[18] Accessibility and Disability 
[239] Inclusive Shared AVs 
[164] Explanations in Autonomous Driving 
[205] Explainable Autonomous Vehicle Systems 
[249] Factors Affecting Pedestrian Trust 
[127] AV Interaction Technologies 
[245] Human–Machine Interaction 
[83] Evaluation Methods for Interaction Design 
[174] VRUs and Connected AVs 
[21] HMI Framework 
[17] Manual to Automated Driving 
[200] Driver–cyclist–pedestrian Communication 

‘just motion is not enough’ in all situations; additional cues may be 
needed to resolve ambiguity [173]. 

Message Qualities and User Experience. Messages should 
be stress-free and easy to understand [173]. Communication must 
balance clarity with flexibility, avoiding over-prescription that could 
mislead pedestrians in dynamic environments. 

Communication Style: Allocentric vs. Egocentric. Although 
empirical findings sometimes show pedestrian preference for ego-
centric messages (i.e., direct instructions), the consensus is that com-
munication should be allocentric (i.e., conveying vehicle state and 
intent). Allocentric cues are less prone to misunderstanding [23]. 
Messages should be informative rather than advisory, offering infor-
mation about the vehicle’s behaviour rather than telling pedestrians 
what to do [173]. Explicit advice or instructions should be avoided, 
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since they may not suit situations with multiple pedestrians at 
once [184]. 

4.3.2 Fragmentation. 
Explicitness and the Necessity of eHMIs (Ongoing Debate). 

While there is consensus that interaction of some form is necessary, 
disagreement persists over whether explicit eHMIs are required 
in addition to vehicle motion. Some argue that explicit eHMIs are 
essential to mimic the social interaction pedestrians expect from 
human drivers, while others contend that motion cues are sufficient 
and explicit signals are only useful in specific contexts [23]. de Win-
ter and Dodou [52] reinforce this divide, outlining arguments both 
against and in favour of eHMIs. Critics argue that vehicle motion 
already dominates pedestrian interpretation and leaves no interac-
tion void to be filled, that the diversity of eHMI concepts creates 
unresolvable dilemmas, and that competing for pedestrians’ lim-
ited visual attention risks confusion and overreliance. Supporters 
counter that eHMIs can complement implicit communication to 
achieve ‘superhuman performance,’ are wanted and accepted by 
road users, can communicate more than simple stop/go instructions 
(e.g., automation status), substitute for eye contact, and mitigate 
misperceptions of motion cues. 

Modality and Cue Type. Fragmentation is also pronounced in 
debates over which modality or cue type is most effective. Visual 
eHMIs are vulnerable to poor weather or lighting; acoustic cues are 
difficult in noisy environments and risk confusion if widely adopted; 
and haptic concepts assume pedestrians carry dedicated devices, 
which is unrealistic [23]. Light-based eHMIs, while common, are 
abstract and require pedestrians to learn their meanings in advance. 
Text and icon-based systems offer clearer information but face 
cross-cultural challenges [151]. Evidence on content and coding is 
equally inconsistent: some studies report advice is preferred over 
vehicle state information, while others find no effect; intention cues 
are often prioritised over detection cues, yet not universally; and 
preferences for coding vary across lights, sounds, text, and pictorial 
designs [184]. Beyond individual modalities, the field suffers from 
a lack of robust multimodal evaluations. Most studies focus on 
single-modality systems, with the few cross-modality comparisons 
relying on small sample sizes [173], leaving insufficient evidence 
to converge on best practices [151]. 

4.3.3 Influences on Fragmentation and Suggestions. 
Human Factors and Context. No unified framework exists 

because expectations and interpretations vary across cultures, so-
cial norms, and road contexts (e.g., urban versus rural) [173]. While 
factors such as age, gender, and traffic culture are acknowledged as 
influential, their specific effects remain underexplored [151]. The 
broader driving context also matters: the type of road (segregated 
versus complex mixed environments) may determine the commu-
nication demands placed on eHMIs [52]. 

Ecological Validity. Much of the most convincing evidence 
stems from laboratory and VR-based studies using objective mea-
sures such as reaction time and accuracy, while studies with physi-
cal prototypes in real traffic often rely on subjective ratings. This 
discrepancy raises doubts about how well experimental findings 
translate to real-world interactions [151, 184]. The field also lacks 

standardised methods for evaluating AV–pedestrian communica-
tion. Reviews note that many studies adopt a ‘ceteris paribus’ ap-
proach that fails to isolate the effects of specific parameters (e.g., 
technology, location, content type, modality), making comparisons 
inconclusive [184]. Longitudinal work is needed to understand how 
perceptions and practices evolve over time. This includes moving 
beyond narrow laboratory contexts towards broader ecological 
validity [173]. 

User-centric design should guide the development of eHMIs, 
ensuring that standards are grounded in behavioural evidence and 
diverse user studies [151]. Cross-disciplinary collaboration involv-
ing ergonomics, psychology, and transportation safety experts is 
seen as vital for developing robust standards and avoiding siloed 
approaches [23, 151]. 

Standardisation. Standardisation is considered particularly ur-
gent for light-based eHMIs, whose abstract nature requires prior 
learning to ensure comprehension [151]. 

Several reviews call for the standardisation of communication 
modalities and protocols. Recommendations [52, 151, 173] include: 
(i) Research should address how the recognisability of AVs shapes 
pedestrian interaction. Factors include the visibility of external 
sensors (e.g., roof-mounted lidar), the use of ‘self-driving’ stickers, 
and whether a safety driver is present. These features interact with 
eHMI cues and may influence trust and behaviour. (ii) developing 
consistent, internationally recognised colours and symbols (e.g., 
cyan and white) for visibility and neutrality; (iii) prioritising multi-
modal systems that combine visual, text, icon, and auditory signals 
rather than relying on a single channel; (iv) defining specifications 
for eHMI elements such as colours, sizes, and placements within 
AV designs. 

Consistency across AV manufacturers and regions is also empha-
sised, as fragmented practices risk confusing pedestrians and un-
dermining trust [151]. Moreover, liability considerations are largely 
absent from current research; manufacturers may view eHMIs as a 
mechanism for transparency and legal accountability [52]. 

4.4 Alignment with Industry and Regulation 
(RQ3) 

4.4.1 Industry Patents, Concepts, and Deployments. 
Patents: Identified patents (n = 7) collectively show that major 

companies are converging on external communication as a core part 
of AV design. Lyft [147] and Uber [215] present the most context-
aware, multi-channel signalling concepts, using dynamic displays 
that adapt to user position, state, and environmental conditions. 
Google/Waymo [89] covers a more foundational intent-notification 
approach, namely, detect, decide, notify. Nissan [163] goes beyond 
pedestrian-only signalling to explicitly mirror information for inter-
nal occupants and external road users. Apple [11] focuses narrowly 
on display visibility technology (a one-way filter over LEDs) rather 
than the messaging logic itself, making it a hardware enhance-
ment patent that could underpin other companies’ systems. GM 
Cruise [88] addresses fleet-level passenger–vehicle identification, 
aiming to prevent misboarding and streamline rideshare operations, 
a point also reflected in Lyft [147]. GM Global [143] addresses a 
different challenge: how to respond to adversarial behaviour from 
vulnerable road users. Depending on assessed risk, the system could 
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escalate from visual and auditory warnings to evasive rerouting, or 
even notifying authorities. 

In terms of design patterns, most rely on visual channels sup-
plemented by auditory cues; projection appears in Lyft, Uber, and 
Waymo; tactile feedback is unique to Nissan. There is a growing 
emphasis on adaptive directionality, ensuring the right message 
reaches the right audience from the right part of the vehicle. Re-
garding timeline, the analysis shows a first wave of patents in 
2013–2015 establishing baseline AV–pedestrian communication 
(Waymo), a 2017–2018 cluster introducing richer multi-modal and 
context-aware systems (Uber, Lyft, Nissan), and a 2021–2023 wave 
addressing operational fleet needs (GM Cruise), hardware perfor-
mance in real-world conditions (Apple), and adversarial interaction 
scenarios (GM Global). 

Concepts: Concept designs for delivery robot eHMI (n = 2) 
emphasise branding and commercial use. Kiwibot [125] explored 
transforming robots into mobile billboards after acquiring an adver-
tising startup, while Ottobots [167] proposed multi-screen displays 
for interactive experiences and customer engagement. Both exam-
ples position the delivery robot as a moving platform for media 
exposure and brand interaction. 

Concept designs for passenger car eHMI (n = 29) reveal the most 
diverse and experimental space. A strong cluster of work explores 
road projection to guide pedestrians or signal vehicle intent; exam-
ples include Rinspeed’s Oasis [179] projecting status or entertain-
ment, Jaguar Land Rover’s Projection Pod [187] projecting lines and 
turns, Audi’s Matrix Laser [15] spelling ‘Stop!’ at pedestrians, and 
Hyundai’s Lighting System [105] as well as Mercedes-Benz’s F015 
Concept [47] projecting text and symbols like illuminated cross-
walks. Parallel to this, several manufacturers focused on 360-degree 
LED or light bar signalling: Mercedes’ turquoise light systems [153], 
BMW’s Vision Next 100 [27], and Nissan’s IDS Concept [44], each 
designed to make autonomous mode and pedestrian recognition 
visible from all angles. Anthropomorphism was another recurring 
theme: Jaguar’s Virtual Eyes [186] and Semcon’s Smiling Car [194] 
simulated eye contact or smiles to reassure pedestrians, while Toy-
ota’s e-Palette [45] used eye-like headlamps. Others pushed multi-
functional or personalised displays, from Intel’s window-mounted 
passenger name displays [106] to Sony-Honda’s media bar [103] 
and Daimler’s smart EQ fortwo [48], which combined personalised 
panels with event or weather information. 

Auditory innovations were rarer but notable: Kia’s Niro [123] 
proposed directed sounds to warn pedestrians, while Volvo’s 360c [32] 
suggested directional ultrasonics combined with visual cues. Across 
these concepts, message types ranged from warnings and instruc-
tions (e.g., Audi, Mercedes Digital Light) to intent and awareness 
signalling (e.g., Nissan, Daimler cooperative car) and even enter-
tainment and advertising (e.g., Rinspeed, Sony Honda). Overall, 
concept-stage designs reflect a highly experimental period where 
carmakers proposed a broad palette of modalities and messages, 
often blending safety, reassurance, personalisation, and branding. 

Deployments: Deployed eHMI in delivery robots (n = 4) reveals 
a dual trajectory: some designs emphasise safety and accessibil-
ity, using lights, flags, and operating sounds to ensure presence is 
noticed (e.g., Coco [34]), while others lean into anthropomorphic 
expression, adding eyes, emojis, and displays to humanise intent 
and evoke emotion (e.g., Kiwibot [124], Serve Robotics [181]). 

Passenger car deployments of eHMI (n = 10) range from minimal 
to highly expressive. In China, Baidu Apollo [10] and Pony.ai [170] 
rely mainly on implicit motion cues, with no publicly documented, 
widely deployed eHMIs, while Zoox [251] pursued similarly mini-
mal signalling through coloured lights and familiar blinkers. In con-
trast, Navya [162] and Drive.ai [70] experimented with text, sym-
bols, and emoji displays, sometimes paired with auditory feedback. 
Waymo’s iterations reveal a stepwise expansion of external sig-
nalling [223–226]: in 2020, the company introduced roof-mounted 
LED domes to display identifiers that helped riders locate their vehi-
cle; by 2023, these domes evolved to include symbolic light patterns 
(e.g., yellow and green icons warning of pedestrian crossings or 
ingress/egress), messages to cyclists about upcoming door open-
ings, and external audio alerts to communicate with emergency 
responders; and in 2025, additional legally mandated back-up beeps 
were integrated. A key theme across several deployments is the use 
of honks as an auditory channel: WeRide [229] employed a con-
ventional horn in line with local traffic culture, while Drive.ai [70] 
worked on re-designing honks to be more socially appropriate and 
context-sensitive. Separately, Waymo [224] introduced a melodic, 
high-pitch auditory cue, not a horn but a distinctive vehicle identi-
fication signal, to help low-vision riders locate their car. Overall, 
car-based eHMI reflects a split between minimalism (implicit only) 
and layered multimodality, with auditory cues serving as a particu-
larly contested design space. 

4.4.2 Regulations, Standards, and Working groups. To provide clar-
ity, the extracted items were grouped according to their relevance 
to AVs (see Table 2). 

The first group consists of AV-specific regulations and standards, 
which explicitly address external AV communication. National ef-
forts in this area remain limited and focus primarily on signalling 
automated-driving status. Singapore is the only country in the 
dataset with an enacted, AV-targeted legal instrument governing 
trial operations, under which external-signalling requirements can 
be imposed [16]. China has issued a draft national standard propos-
ing ADS marker-lamp specifications, although it has not yet been 
formalised [214]. Beyond these national efforts, most AV-specific 
guidance comes from international standards organisations such 
as ISO and SAE, which provide ergonomic communication prin-
ciples, evaluation methods, and recommended practices for ADS 
marker lamps [107, 110, 112–114]. Another emerging theme relates 
to specific application areas; for example, the ISO 4448 project [115] 
focuses on sidewalk delivery and service robots, extending stan-
dards work beyond traditional road vehicles. A number of gov-
ernance and development structures underpin these initiatives. 
International bodies such as the UNECE Working Party on Auto-
mated/Autonomous and Connected Vehicles (GRVA) [216], UNECE 
GRE [218], and the GTB Expert Group [206] provide platforms 
for harmonising technical requirements and coordinating cross-
national collaboration. 

The second group consists of long-standing vehicle and ITS 
regulations that, while not written for AVs, nonetheless impose 
hard constraints on the design of eHMIs. Core lighting regulations 
such as FMVSS 108 in the United States and CMVSS 108 in Canada 
restrict permissible colours, positions, intensities, and activation 
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patterns for exterior lamps. UNECE Regulation No. 149 [217] fur-
ther restricts projection lighting by allowing only white symbols, 
leaving shapes and other visual elements unspecified. National 
traffic-control documents, including the US MUTCD, define colour 
and symbol conventions for roadside signage, influencing how new 
AV signals must avoid visual interference. 

Broader standards and ITS documents also shape the eHMI de-
sign space. SAE J578 defines chromaticity limits for automotive 
signal colours [108]. ISO 9241-303 [109], originally designed for 
electronic displays, has been cited as a baseline for text size leg-
ibility, even though its applicability to eHMIs viewed at longer 
distances remains contested. ISO 18682 [111] introduces hazard 
detection and notification systems for intelligent transport systems 
(ITS), with potential relevance for protecting vulnerable road users 
such as cyclists. ETSI TR 102 638 [73], while centred on V2X com-
munication, establishes a broader framework that can be adapted 
for AV signalling. 

4.4.3 Alignment. Figure 8 provides a temporal view of how in-
dustry activity, academic research, and regulation have developed 
in relation to one another. Industry developments appear earli-
est, with the Google/Waymo patent filed in 2013 and approved in 
2025 [89], preceding the rise of published eHMI research. Industry 
patents serve a different role than research or concepts. Rather than 
exploring new forms, they cover a broad range of potential com-
munication needs, ensuring companies secure legal ground across 
possible eHMI directions. Many of these ideas remain undeployed, 
but patents illustrate how industry positions itself broadly before 
deployment and regulation narrow the space. Academic activity ex-
pands next and covers a wide range of communication approaches. 
Regulatory milestones emerge later once research activity has be-
come more established. 

In terms of focus, comparing the research, industry, and regu-
latory developments reported in earlier sections reveals a process 
of progressive filtering rather than outright misalignment. Both 
academic research and industry concepts span a broad spectrum of 
approaches, from minimalist light-based cues to expressive, anthro-
pomorphic, and multimodal designs. At the stage of deployment, 
this space narrows considerably, with companies favouring simpler, 
more robust solutions such as LED domes, light bars, and basic 
auditory cues that can withstand everyday use and public scrutiny. 
Regulation and standards activity further constrains the design 
space by codifying only a small subset of modalities, primarily 
lighting, colour, and safety-critical indicators. This progression can 
be understood as a funnel-shaped trajectory (see Figure 9). This 
alignment reflects how practicalities and safety requirements act as 
filters on the design space, shaping which eHMI options transition 
from speculation to standardisation. This filtering is not a loss but a 
convergence process, ensuring safety and usability while retaining 
room for expressive exploration in research and concept design. 

5 Discussion 
eHMI research has expanded rapidly in the past decade, yet beneath 
this growth lie unresolved tensions that continue to shape the field. 
In this section, we trace the evolution of eHMI research, revisit the 
debate on necessity, examine the challenges of standardisation, and 
reflect on where the field should go next. 

5.1 The Evolution of eHMI Research 
The results show sustained growth in empirical work, but also clear 
divergence in both design philosophy and necessity. On one side, 
minimalist approaches treat eHMIs as supplementary, offering only 
the bare minimum needed to clarify vehicle intent. On the other, 
expressive approaches envision eHMIs as essential, providing rich, 
directive, or even socially communicative signals. This split echoes 
two dimensions in the taxonomy by Dey et al. [57]: Complexity 
in Implementation, where 64% of concepts could be realised with 
widely available technology (e.g., light strips), 7% would require 
new but already available technology dependent on large-scale de-
ployment or infrastructure change,; and New Vehicle Design, where 
77% of concepts were shown on existing vehicle models, while 23% 
required entirely new designs that could influence pedestrian accep-
tance, especially in early mixed-traffic phases. The persistence of 
such polarisation (despite the prevalence of readily implementable 
solutions) raises the question of whether the field is approaching a 
form of premature stabilisation, in which familiar design tensions 
are revisited without resolving foundational disagreements. Alter-
natively, this diversity may be necessary to accommodate the wide 
range of contexts in which AVs will operate, from highly regulated 
urban intersections to informal shared spaces. 

Patterns in the dataset suggest that the field is beginning to con-
solidate around certain focal points. The heatmaps and taxonomy 
reveal concentrations of work on message design, implicit cues, and 
comparative modality studies. These clusters could serve as starting 
points for consensus-building, especially if future research shifts 
from proposing new prototypes to synthesising existing evidence. 
At the same time, other areas remain sparse, including large-scale 
evaluations, multimodal frameworks, and integration with industry 
deployments. 

Seen in this light, the evolution of eHMI research is marked by 
both growth and fragmentation. The challenge ahead is to channel 
this dichotomy into constructive frameworks rather than letting it 
dissipate into parallel, disconnected lines of inquiry. Whether the 
current trajectory reflects healthy exploration or risks entrench-
ing unresolved debates will depend on the field’s ability to build 
cumulative knowledge from the foundations already established. 

5.2 Rethinking the Necessity of eHMIs 
One of the most persistent debates in the literature concerns the 
necessity of explicit eHMIs. Reviews often frame this as a binary 
question: some argue that explicit interfaces are essential to replace 
the social interaction traditionally provided by human drivers, while 
others contend that implicit communication through vehicle motion 
is sufficient, with eHMIs adding little beyond specific edge cases [23, 
52]. However, such framing risks oversimplifying a multifaceted 
design problem. The question is not whether eHMIs are necessary 
in general, but rather when, for whom, and which implementations 
are most appropriate. 

When? Explicit eHMIs are likely to play a greater role in sit-
uations of ambiguity, complexity, or shared space, where vehicle 
motion alone does not provide sufficient clarity. In contrast, in 
straightforward traffic contexts with clear rules and signals, im-
plicit cues may suffice. The necessity of explicit eHMIs may also 
depend on geographic regions and the maturity of AV deployment: 
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Table 2: Regulations, standards, and working groups relevant to eHMI development, as cited in the reviewed literature. 

Name Description Version / Date Mentioned In 

AV-SPECIFIC REGULATIONS AND STANDARDS 

Singapore Road Traffic Rules 
(Autonomous Motor Vehicles) 

Requires AVs to display distinctive lighting to indicate 
automated mode status. 

G.N. S 89/2024 (2024) [25, 118] 

Chinese National Standard Specifications for optical ADS marker lamps. Draft GB/T (2023) [214] 
SAE J3134-201905 Recommended practice for ADS marker lamps signalling 

automated status. 
Draft (2019) [25, 118, 157] 

ISO/TR 4448 series Ground-based automated mobility (sidewalk robots). Draft series (2022–) [25] 
ISO/TR 23049:2018 Ergonomic aspects of AV external visual communication. Edition 1 (2018) [25, 118, 196, 199] 
ISO/PAS 23735:2025 Ergonomic guidance for AV external visual communication. Edition 1 (2025) [199] 
ISO/AWI TR 23720 Evaluation methods for road-user behaviour with AV 

communication. 
AWI registered (2021) [199] 

UNECE GRVA Working party on AVs; eHMI-related regulation work. Established (2018) [25, 118, 196, 230] 
UNECE GRE / AVSR Task Force Lighting and signalling requirements for AVs. AVSR mandate (2019) [199] 
GTB (Lighting Expert Group) Global lighting and signalling expert group. Established (1952) [199] 

GENERAL VEHICLE / ITS REGULATIONS CONSTRAINING eHMI 

FMVSS 108 (US) Governs allowable colours/activation patterns for vehicle lamps. 49 CFR §571.108 (2025) [196, 198, 241] 
CMVSS 108 (Canada) Governs allowable colours/activation patterns for vehicle lamps. SOR/2018-43 (2018) [196, 198, 241] 
UNECE Regulation No. 149 Restricts road-projection symbols to white Revised (2019) [202] 
MUTCD (US DOT) Specifies colours and design conventions for US road signs. Revised (2022) [242] 
SAE J578 Chromaticity limits for automotive signal colours. Revised (2020) [196, 230] 
ISO 9241-303:2011 General standard for electronic visual displays. Edition 1 (2011) [199] 
ISO 18682 Hazard detection and notification systems for ITSs. Edition 1 (2016) [220] 
ISO/TR 12204:2012 In-vehicle warning signal integration. Edition 1 (2012) [220] 
ETSI TR 102 638 Intelligent Transport Systems report (V2X). V2.1.1 (2024) [25, 118] 
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Figure 8: Time-aligned overview of eHMI research focus, regulatory activity, and real-world AV deployment events (2014–2025). 
Google/Waymo is used as a representative, high-visibility case to anchor the timeline, not as an exhaustive account of AV 
deployments. 
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Figure 9: Filtering funnel showing how eHMI design options progress from broad exploration in research and industry concepts, 
to narrower sets in deployment, and finally to the most constrained forms under regulation. Illustrative examples from AV 
prototypes [58], concept vehicles [155], deployed systems [225], and regulatory indicators [107] are included. 

in areas where AVs are novel, pedestrians may require more explicit 
reassurance, whereas over time reliance on such cues may diminish 
as familiarity grows. 

For whom? Different pedestrian groups may require different 
forms of support. Children, older adults, and people with disabilities 
may benefit more from explicit communication, while experienced 
road users or those familiar with AVs may rely primarily on motion 
cues. Beyond human road users, animals represent an additional 
and largely unaddressed interaction case, for which conventional 
eHMI assumptions may not apply [212]. 

Which implementations? Even when explicit eHMIs are needed, 
their form remains an open design question. Text, icons, light pat-
terns, and auditory signals each have strengths and limitations, and 
their effectiveness depends on context, inclusivity, and standardisa-
tion. Multimodal [59] or adaptive approaches [208] may therefore 
be promising, providing redundancy and flexibility to suit different 
road users and environments. 

Historical analogues show that such debates are not new. The in-
troduction of Accessible Pedestrian Signals (APS) in the mid-twentieth 
century was initially contested [92]: many argued that conventional 
visual signals were sufficient for most pedestrians, and even ma-
jor organisations representing blind people in the United States 
held opposing views on whether APS were necessary. Concerns 
centred on inconsistent or poor implementations that could in-
crease risk, create overreliance, or offer only marginal benefit— 
issues that echo many of the reservations currently raised about 
eHMIs. Over time, the framing shifted away from a binary question 
toward more conditional considerations of when APS should be 
installed (e.g., at complex intersections), for whom (e.g., people with 
visual impairments, older adults), and which implementations (au-
ditory, vibrotactile, or spoken-message cues). A similar trajectory 

can be traced in the history of turn signals and brake lights, which 
were once regarded as optional additions to hand signals [1] but 
gradually became standardised in terms of colour, placement, and 
redundancy. Reframing the necessity debate for eHMIs in these 
terms highlights the need to move beyond a false dichotomy of 
‘eHMIs versus no eHMIs.’ Instead, necessity should be treated as 
contingent, context-dependent, and sensitive to user diversity. As 
with APS and turn signals, eHMIs may follow a path from contested 
adoption to eventual standardisation, with debates shifting toward 
context, inclusivity, and implementation details. This perspective 
also aligns with the research directions identified in review papers, 
which emphasise the importance of context-sensitive, multimodal, 
and standardised designs grounded in user studies and ecological 
validity. However, if necessity is conditional rather than absolute, 
then standardisation must also grapple with flexibility rather than 
uniformity. 

5.3 The Challenge of Standardising eHMIs 
Although reviews converge in emphasising the need for standardi-
sation [151, 173], what ‘standardisation’ should mean in practice 
remains contested. Standardisation is often assumed to imply con-
vergence on a small number of fixed designs. Yet the necessity of 
eHMIs is conditional, depending on when they are used, for whom 
they are designed, and which implementations are most appropriate. 
This makes the prospect of complete convergence both unrealistic 
and undesirable. 

A more productive way forward is to distinguish between uni-
versal parameters and contextual extensions. Universal parameters 
would define a basic eHMI, a minimum layer of communication that 
can be enforced globally to guarantee baseline safety and minimise 
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negative side-effects. Such a baseline should convey only the essen-
tial information needed to prevent confusion or misinterpretation, 
for example through highly visible, culturally neutral colours, sim-
ple forms, or redundant modalities. By reducing communication 
to a bare minimum, this layer would address many of the con-
cerns raised in the literature, including distraction, overreliance, or 
conflicting interpretations across regions. 

Beyond this basic layer, contextual extensions should allow de-
sign flexibility. These might adapt modalities, richness of informa-
tion, or degree of explicitness according to the road context (e.g., 
shared spaces versus signalised intersections), user group (e.g., chil-
dren, older adults, people with disabilities), or level of AV maturity 
in a given region. In areas where AVs are novel, pedestrians may 
initially require more explicit reassurance, while in more mature 
contexts minimal signals may suffice. 

One more time, the history of turn signals provides a useful 
analogue. Despite being highly standardised today, turn signals still 
vary in form: some cars use simple flashing bulbs, others adopt LED 
strips or dynamic ‘wiping’ animations. Universal parameters such 
as colour, blink frequency, and visibility are tightly regulated, en-
suring recognisability and safety, while manufacturers retain scope 
for stylistic differentiation. A similar layered model could guide 
eHMI development: enforce a basic standard to ensure minimum 
safety and consistency, while permitting adaptation and innovation 
above that baseline. 

Standardising eHMIs is therefore less about enforcing a single 
global solution than about establishing a roadmap that separates 
what must be harmonised universally from what can remain open 
to contextual adaptation. This approach balances the practicality 
of implementation with the inclusivity and flexibility required to 
serve diverse road users worldwide. 

5.4 Where eHMI Research Should Go Next 
Despite the rapid growth of eHMI studies, the discourse risks be-
coming saturated with incremental work. Each month new papers 
appear, often testing yet another light bar, icon, or auditory cue 
in a small-scale lab setting. While these studies add isolated data 
points, they seldom extend the conversation in meaningful ways. 
What is needed now is not additional prototypes in isolation, but a 
shift in orientation toward frameworks, validity, and integration. 

The design space for eHMIs is already crowded, and small varia-
tions in colour, form, or modality do little to advance cumulative 
knowledge. The key question is no longer whether a specific eHMI 
‘works,’ but how to structure the design space so that multiple 
eHMIs can coexist without confusion. Progress requires organising 
principles that can clarify what belongs to a universal minimum 
of communication (i.e., the ‘basic eHMI’) and where contextual 
adaptations are appropriate. Such roadmaps would enable both con-
vergence on shared parameters and flexibility in implementation, 
rather than a continued search for a single best solution, as nearly 
a decade of research has shown that there is no ‘silver bullet’. 

Another challenge concerns interoperability. Academic research 
often treats designs in isolation, overlooking that manufacturers are 
already deploying eHMIs on public roads. Without cross-manufacturer 
coordination, there is a real risk of fragmented communication 
systems that erode rather than build trust. Future research must 

therefore engage more directly with industry practices and regula-
tory processes, recognising that deployment is already underway 
and that experimental findings need to inform and not lag behind 
these developments. 

Finally, the scope of eHMI research is beginning to expand be-
yond pedestrian crossings. Future mobility ecosystems will require 
communication not only with pedestrians but also with cyclists, 
delivery robots, conventional drivers, and even animals in shared 
spaces. This expansion is significant because it shifts the very no-
tion of what an eHMI is. Whereas early work treated the eHMI as 
a discrete interface, typically a light bar or icon signalling intent to 
pedestrians, its meaning increasingly extends toward a broader com-
munication framework that supports diverse autonomous agents 
within complex environments. The field must therefore confront 
whether this diversification represents healthy growth toward an 
inclusive, ecological perspective on mobility, or whether it risks 
diluting the concept of eHMI and fragmenting the discourse further. 

5.5 Practical Implications 
Our analysis is deliberately field-level, tracing how hundreds of 
studies, concepts, deployments, and regulatory efforts collectively 
shape the design space for external communication of AVs. Yet 
these patterns also have immediate implications for practitioners 
and policymakers who must make concrete decisions about what 
to build, approve, or study next. In this section, we translate our 
findings into practical guidance for eHMI design and deployment, 
for regulation and standardisation, and for future research practice. 

Implications for eHMI Design & Deployment. The alignment fun-
nel highlights how a broad design ‘jungle’ at the level of research 
and concept exploration narrows into a small set of robust solutions 
at deployment and regulation stages. For design and engineering 
teams, this suggests treating speculative interfaces and deployment-
ready systems as distinct layers of work. Concept cars, speculative 
prototypes, and VR explorations are best used to probe unfamiliar 
modalities, social expectations, and edge cases. In contrast, deployed 
eHMIs should converge on a safety-first core: simple, allocentric 
visual cues that clarify automation status and intent, and are compat-
ible with existing lighting and signalling conventions. One practical 
way to operationalise this is to specify eHMIs as layered assem-
blies, with (i) a minimal baseline set of signals that is consistently 
available across vehicles and markets, and (ii) contextual extensions 
that may be selectively enabled for particular environments (e.g., 
shared spaces, logistics yards) or user groups (e.g., occupational 
road users, people with sensory impairments). Designers should 
also be cautious in transplanting interaction patterns that work 
for pedestrian crossings with passenger cars into freight, public 
transport, or mixed-traffic scenarios, where our heatmaps show 
much thinner empirical coverage. 

Implications for Regulation & Standardisation. For regulators and 
standards bodies, our findings argue against codifying a single 
canonical eHMI design, and in favour of standardising parameters 
and constraints that can accommodate multiple implementations. 
Regulatory activity already concentrates on lighting, colour spaces, 
and projection constraints, reflecting a move toward codifying a 
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narrow subset of the wider research space. The layered model sug-
gested above can serve as a roadmap: standards can focus on defin-
ing a minimal set of universal parameters (e.g., permitted colour 
ranges, luminance levels, temporal patterns, mounting locations, 
and activation logic for automation markers), while explicitly allow-
ing contextual extensions and manufacturer differentiation above 
this baseline. The alignment funnel can be used as a diagnostic 
tool when drafting or revising standards: it makes visible where 
regulations already align with convergent industrial practice (e.g., 
marker lights for automated mode) and where gaps remain (e.g., for 
multimodal interfaces, non-passenger platforms, or occupational 
roles). This perspective encourages regulators to support safe con-
vergence without prematurely closing off design options that may 
be needed in specific local or emerging contexts. 

Implications for Research Practice. For researchers, the most im-
mediate implication is not to produce yet another isolated prototype, 
but to use existing maps of the field to select topics and methods 
that contribute to cumulative knowledge. Our dataset and heatmaps 
show saturation in certain combinations of context, modality, and 
task (e.g., small-scale VR studies of crossing scenarios with passen-
ger cars and pedestrians), alongside clear gaps for mixed traffic, 
non-pedestrian road users, non-standard vehicles, and longitudi-
nal, in-the-wild deployments. Future work can have greater practi-
cal impact by (i) prioritising comparative and multimodal studies 
over single-concept evaluations, (ii) increasing ecological validity 
through on-road trials, test beds, and longer-term studies, and (iii) 
deliberately targeting under-represented contexts and user groups, 
including occupational roles and people with diverse abilities. At 
the methodological level, our synthesis emphasises the value of 
more transparent reporting of scenarios, vehicle types, and user 
characteristics, as well as clearer separation of implicit and explicit 
cues, to support replicability and meta-analysis. 

Summary. These implications posit the need for a more coor-
dinated division of labour across research, industry, and regula-
tion. Research retains a broad exploratory mandate, but should 
increasingly be guided by field-level maps and designed to feed into 
cumulative evidence. Industry design should focus on integrating a 
small set of robust, allocentric, and regulation-ready signals into 
vehicle platforms, treating more expressive or speculative concepts 
as optional layers. Regulators can concentrate on defining flexi-
ble but firm baselines that align with emerging practice, rather 
than prescribing entire interfaces. By making these roles explicit, 
the field can move from a loosely coupled ‘jungle’ of proposals 
toward an ecosystem where external communication for AVs is 
both practically deployable and adaptable across diverse contexts. 

5.6 Limitations and Future Work 
Our dataset was restricted to peer-reviewed publications in English, 
which likely excludes relevant evidence from non-English sources 
and grey literature. This limitation is especially pronounced for 
industry deployments in China, where details of real-world AV prac-
tices are sparsely documented. As a result, the analysis reflects the 
published record and may not capture ongoing or undocumented 
industry activities. 

Although coding was conducted systematically using an itera-
tively developed framework, alternative classifications are possible. 
Additionally, several coding dimensions, such as vehicle types, tar-
get road users, and demographic focus, were extracted from titles 
and abstracts only. This approach ensured consistency across the 
large corpus, as titles and abstracts typically provide the primary 
conceptual framing of each study. However, this constraint means 
that details reported only in the full text may be under-coded or 
omitted. A small number of cases may therefore be missed, which 
should be considered when interpreting the coverage of specific 
categories. 

Given the sheer number of papers included in our analysis (620 
in total), it was not feasible to cite each individual study within the 
manuscript. To support transparency, reproducibility, and future 
research, the full coded dataset is published on the Open Science 
Framework (OSF). Building on examples such as the Locomotion 
Vault [63], we are planning to develop an interactive platform that 
enables filtering by parameters such as year, modality, study type, 
and user group. 

A natural extension of this work is to complement the literature-
driven synthesis with expert perspectives. A Delphi study [140, 188] 
could be designed directly around the areas of consensus, diver-
gence, and uncertainty identified here, enabling structured engage-
ment with experts across the board of researchers, practitioners, 
and policymakers. Such an approach would help prioritise open 
questions, validate emerging points of agreement, and guide the 
development of standards and design recommendations for eHMIs. 

6 Conclusion 
This review set out to ask whether eHMI research is converging, 
diverging, or stalling. Our analysis shows that eHMI research is 
marked by all three dynamics at once. Convergence is visible in 
emerging agreement that interaction is indispensable, that allocen-
tric rather than egocentric communication reduces ambiguity, and 
that some form of baseline standardisation will be required. At the 
same time, divergence persists in design philosophy (minimalist 
versus expressive), in the perceived necessity of explicit signals 
(supplementary versus essential), and in competing preferences 
across modalities. Signs of stalling are also evident: many studies 
revisit the same unresolved debates with small-scale VR experi-
ments or incremental prototypes, raising the risk of premature 
stabilisation. The field’s future trajectory depends on whether this 
diversity can be channelled into constructive frameworks. Progress 
will require building on areas of consensus, addressing fragmenta-
tion through flexible roadmaps, and moving beyond incremental 
novelty toward cumulative, ecologically valid knowledge that can 
support deployment. 
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A Workflow and Open Data Resources 
This appendix outlines the end-to-end workflow used to construct 
the dataset, chart study variables, and perform all analyses. The 
figure distils the process steps, tools, and verification measures 
to ensure methodological transparency. All underlying materials 
required for reproducibility, including screening logs, charted vari-
ables, and the supporting Python scripts, are available on OSF: 
https://osf.io/7esmq 

B AI Declaration of Use 
Apart from Petal, ChatGPT was employed to create Python scripts 
for the following purposes: 

• Bibliography and metadata conversion: Transforming 
bibliographic data exported from Scopus, ACM, IEEE, and 
Google Scholar into a structured .csv format, with back-
conversion into .bib files for consistency with citation man-
agement in LATEX. 

• Coding support: Flagging papers with industry or corpo-
rate authorship by scanning author affiliations, and extract-
ing the country of the first author as well as countries of all 
authors from their affiliations. 

All scripts were used strictly to support data organisation and 
preprocessing. Analytical reasoning, coding decisions, and inter-
pretation of the results were conducted by the authors. 

https://osf.io/7esmq
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Process Steps Tool Used Accuracy VerificationMethodology & Purpose 

Literature Search 
Systematic search across four 
databases using predefined 
keyword combinations 

Advanced search (Scopus, ACM, 
IEEE Xplore), Publish or Perish 
(Google Scholar) 

Recorded and reported complete 
keyword list and exact search 
strings for each database to 
ensure transparency and 
reproducibility. 

Metadata Extraction 

Retrieve bibliographic and 
author metadata (DOI, year, 
title, abstract, author, 
affiliation, and keywords). 

DOI queries to Scopus. Records 
not indexed were updated 
manually. A Python script for 
affiliation parsing. 

N/A - data directly retrieved from 
Scopus, with minor manual 
updates. 

Custom Data Fields 
Develop and apply a coding 
scheme for analytical 
dimensions. 

Petal for automated extraction of 
several data from PDF files into 
Google Sheets, combined with 
100% manual review. 

Manually screened in two rounds 
by the first author / coding 
protocol. Another author cross-
validated a random subset. 

Frequency Counting 
Compute frequencies and co-
occurrence of coded 
dimensions 

Google Sheets COUNT and 
FILTER functions for frequency 
tabulation. 

N/A – scripted, reproducible 
counts validated through formula 
consistency checks. 

Meta-Synthesis 

Aggregate review papers to 
describe areas of consensus 
and divergence reported in 
prior syntheses of eHMI 
research. 

Manual clustering using Miro 
board to organise and compare 
themes across reviews. 

All authors reviewed the 
clustered outputs and summary 
tables to confirm completeness 
and consistency. 

Duplication Removal 

Combine exported datasets 
and remove duplicate entries 
across databases to obtain a 
unique set of papers for 
screening. 

Google Sheets’ Remove 
Duplicates function based on 
Title and URL columns. 

Manually reviewed remaining 
records to identify duplicates 
missed (e.g., variations in 
capitalisation or formatting). 

Screening 

Two-stage screening (title/ 
abstract, full-text) based on 
inclusion/exclusion criteria to 
ensure relevance to eHMI 

100% manual screening, with 
reasons for exclusion noted for 
each article. 

Manually screened in two rounds 
by the first author. Another 
author cross-validated a random 
subset. 

Data Export 
Export bibliographic data from 
each database 

Each database’s export function 
(CSV; ACM as .bib). 

Converted .bib to .csv using 
convertbib.py. 

N/A - standard database 
functions and an automated 
conversion script. 
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Appendix: Query 

OSF: Scripts folder 

OSF: Scripts folder 

OSF: Data folder 

Figure 10: Workflow for dataset construction, charting, and analysis of eHMI studies. 
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Table 3: Search queries and results across academic databases 

Source Query, Date, and Results 

Scopus Date: 9 July 2025 
Query: 
TITLE-ABS-KEY ( ( “autonomous” OR “automated” OR “self-driving” OR “driverless” ) AND ( “car” 
OR “vehicle” ) AND ( “eHMI” OR “external communication” OR “external human–machine interface” OR 
“external display” ) ) 
Results: 411 

ACM Digital Library Date: 9 July 2025 
Query A: 
AllField:(( “autonomous” OR “automated” OR “self-driving” OR “driverless” ) AND ( “car” OR 
“vehicle” ) AND ( “eHMI” OR “external communication” OR “external human-machine interface” OR 
“external display” )) 
Results: 418 
After cleaning (excluding Proceedings): 290 

IEEE Xplore Date: 9 July 2025 
Query A: 
(“Full Text & Metadata”:“autonomous” OR “automated” OR “self-driving” OR “driverless”) AND (“car” 
OR “vehicle”) AND (“eHMI” OR “external communication” OR “external human-machine interface” OR 
“external display”) 
Results: 780 
Filters applied: Conferences, Journals, Early Access Articles 

Google Scholar Date: 9 July 2025 
Results: 919 (via Publish or Perish; query term: “eHMI”) 

Table 4: List of companies used for manual search of industry eHMI concepts and deployments. 

Category Companies 

Major AV OEMs / service operators Waymo, Cruise, Zoox, Motional, Aurora Innovation, Mobileye, Baidu Apollo, 
AutoX, Pony.ai, WeRide, May Mobility, Oxbotica, EasyMile, Navya 

Delivery robot & sidewalk AV companies Nuro, Starship Technologies, Amazon Scout, Serve Robotics, Kiwibot, Coco, 
Ottonomy, Uber, Yandex, Postmates 

Automotive OEMs with AV/eHMI concept work Ford, General Motors, Toyota, Honda, Nissan, Hyundai, Kia, Mercedes-Benz, 
BMW, Audi, Volkswagen, Volvo Cars, Volvo Group, Jaguar Land Rover, Stellantis, 
BYD, Geely, SAIC Motor 

Tech companies with AV platforms Apple, Google, Intel, Nvidia, Qualcomm 

Table 5: Exact Petal prompt and a representative output example. 

Exact Prompt Petal Output Example (Paper [185]) 

Extract details on the study’s evaluation. Provide your answer 
as a structured list, even if some fields are missing. Include: 
Evaluation Method: (e.g., video-based survey, VR simulation, 
field study, Wizard-of-Oz). 
Prototype Details: (e.g., type of eHMI tested, display modality, 
vehicle setup). 
Vehicle Type: (e.g., passenger car AV, shuttle, delivery robot). 
Target Road Users: (e.g., pedestrians, cyclists, manual drivers, 
other VRUs). 
Sample Size: (number of participants if reported). 
Participant Demographics: (age groups, gender, special pop-
ulations such as older adults, children, or accessibility groups). 
Study Location / Country: (company/university/country par-
ticipants were recruited or where the study was conducted). 

Evaluation Method: Laboratory-based video-based survey 
Prototype Details: eHMI concept with full-sized virtual human controller 
(VHC), presented on a monitor 
Vehicle Type: Autonomous vehicle (AV) 
Target Road Users: Pedestrians 
Sample Size: 45 participants 
Participant Demographics: Mean age = 25.8 years, 30 male, 15 female, diverse 
nationalities, 44 participants assumed the role of a pedestrian on a daily basis 
Study Location / Country: Umeå, Sweden 
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